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Abstract
We perform a quantitative analysis of the solar composition problem by using a statistical approach that allows us to
combine the information provided by helioseismic and solar neutrino data in an eﬀective way. We show that the opacity
proﬁle of the Sun is well constrained by the solar observational properties. In the context of a two parameter analysis in
which elements are grouped as volatiles (i.e. C, N, O and Ne) and refractories (i.e. Mg, Si, S, Fe), the optimal surface
composition is found by increasing the abundance of volatiles by (45 ± 4)% and that of refractories by (19 ± 3)% with
respect to the values provided by Asplund et al. 2009. As an additional result of our analysis, we show that the best ﬁt
to the observational data is obtained with values of input parameters of the standard solar models (radiative opacities,
gravitational settling rate, the astrophysical factors S 34 and S 17) that diﬀer at the ∼ 1σ level from those presently
adopted.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
In recent years, a new solar problem has emerged. The most recent determinations of the solar photo-
spheric heavy element abundances [1, 2, 3] indicate that the solar metallicity is lower by 30 to 40% than
previous measurements [4, 5]. The internal structure of standard solar models calibrated against the newly
determined solar surface metallicity does not reproduce the helioseismic constraints. As an example, the
sound speed predicted by SSMs implementing the recent AGSS09met surface abundances [2] disagrees at
the bottom of the convective envelope by about 1% with the value inferred from helioseismology. In addi-
tion, the predicted surface helium abundance is lower by ∼ 7% and the radius of the convective envelope is
larger by ∼ 1.5% with respect to the helioseismic results. The analogy between this solar composition prob-
lem and the solar neutrino puzzle is striking: inferences from well-tested sophisticated three-dimensional
hydrodynamic models of the solar atmosphere lead to predictions for the solar interior that are in strong
disagreement with observational constraints, well above the currently estimated errors.
The goal of this work is to perform a quantitative analysis of the solar composition problem. In particular,
we address the following questions: which is the chemical composition of the sun that can be inferred from
helioseismic and solar neutrino data? How do diﬀerent observational information combine in determining
the optimal composition of the sun? How does the obtained composition compares with the photospheric
inferred values? Do the diﬀerent observational data show tensions and/or inconsistencies that may point at
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Fig. 1. The fractional diﬀerence δci ≡ (cobs,i − c(ri)) /c(ri) between the sound speed c(r) predicted by SSMs and the values cobs,i
inferred from helioseismic data; the black line refers to the SSM model implementing the AGSS09met surface composition while the
red line is obtained by using the GS98 admixture. The red band provides an estimate of the uncertainty in inversion of helioseismic
data. The light blue band corresponds to the 1σ uncertainties in the theoretical predictions.
some inadequacies in the SSM inputs parameters or assumptions? Even if the problem has already been
considered in the literature, a thorough self-consistent discussion is still missing.
2. Data and models
We consider a set {Qobs} of N = 34 observational properties of the Sun given by:
{Qobs} = {ΦB,obs, ΦBe,obs, Ys,obs, Rb,obs; c1,obs, c2,obs, . . . , c30,obs}. (1)
where:
- ΦB,obs = 5.00 (1 ± 0.03) × 106 cm−2 s−1 and ΦBe,obs = 4.82 (1 ± 0.045) × 109 cm−2 s−1 represent the 8B
and 7Be solar neutrino ﬂuxes which are essentially determined by SK [6] and SNO [7] and by Borexino [8],
respectively;
- Ys,obs = 0.2485 (1 ± 0.015) and Rb,obs/R = 0.713 (1 ± 0.0014) are the surface helium abundance and the
inner radius of the solar convective envelope which are obtained by inversion of helioseismic frequencies in
[9] and [10];
- the quantities {ci,obs} with i = 1, . . . , 30 represent the sound speed determinations at the target radii
ri ≤ 0.8R determined in [11] by using the set of frequencies of solar low-degree p modes from the Bi-
SON network with the Subtractive Optimally Localized Averages (SOLA) inversion technique.
The predictions {Q} for all these quantities are obtained within the theoretical framework of the Standard
Solar Models (SSM) and are calculated using the GARSTEC [12] code with the input physics described in
[13]. By adopting the newly determined AGSS09met1 surface compositions, one obtains [14]:
- ΦB = 4.59 (1±0.11)×106 cm−2 s−1 and ΦBe = 4.56 (1±0.06)×109 cm−2 s−1, that agree with observational
determinations within the present uncertainties. It should be noted that uncertainties in theoretical predic-
tions for neutrino ﬂuxes (see next section for a discussion of the error sources included in our analysis) are
larger than observational errors;
1By AGSS09met we indicate the (new) photospheric abundances from [2] for volatile elements (C, N, O, Ne) combined with their
recommended meteoritic abundances for refractory elements (Mg, Si, S, Fe), where Si is used as the anchor of both scales. The
choice of meteoritic abundances for refractories is rooted in their robustness and superior accuracy and precision over photospheric
determinations, and has traditionally been the preferred choice in SSM calculations.
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- Ys = 0.2319 (1 ± 0.013) and Rb/R = 0.7231 (1 ± 0.0033) that deviates from observational data at ∼ 3.6σ
and ∼ 3.9σ, respectively.
- The sound speed proﬁle c(r) shown by the black line in Fig.1. This diﬀers quite signiﬁcantly from that
inferred from helioseismology. At r ∼ 0.65R the disagreement corresponds to ∼ 4.6σ. For comparison,
we also show with the red line the results obtained by using the old GS98 surface admixture [4].
3. The statistical approach
In order to use the helioseismic information and the solar neutrino results to infer the properties of the
Sun, one has to deﬁne an appropriate ﬁgure-of-merit (e.g. a χ2 statistics) that has to be non-biased and that
should combine the diﬀerent pieces of the observational information with the correct relative weights. We
indicate with
δQobs =
Qobs
Q
− 1 (2)
the fractional diﬀerences between the observational values and the theoretical results. These quantities are
aﬀected by:
- Observational errors. In this work, we assume that they are uncorrelated and we indicate them with the
symbol UQ. We have UBe = 0.045 and UB = 0.03 for neutrino ﬂuxes, UY = 0.015 and UR = 0.014 for
surface helium and convective radius. The fractional uncertainties Uc,i in the helioseismic determinations of
sound speed are given by the red band in Fig. 1 that has been calculated in [15] by combining in quadrature
all the relevant error contributions in the inversion of helioseismic data. Clearly, sound speed determinations
at diﬀerent radii are expected to have a certain degree of correlation because uncertainties are mainly related
to the inversion procedure. Unfortunately, the information provided in the scientiﬁc literature does not allow
us to quantify these correlations and we are forced to include the sound speed errors as being uncorrelated;
- Theoretical errors. These are due to uncertainties in the SSM input parameters I that produce fully corre-
lated errors CQ,I on the prediction of the Q observable. We consider a set of 10 independent error sources
which are: i.e.: the age of the Sun (age); the diﬀusion coeﬃcients (diffu); the luminosity (lum); the opac-
ity proﬁle (opa) of the Sun; the astrophysical factors S 11, S 33, S 34, S 17, S e7 and S 1,14. We are interested
in establishing bounds on the solar chemical composition, consequently we have omitted its contribution to
theoretical uncertainties. In the previous section and in Fig. 1, we quoted the total theoretical errors σQ,theo
which are obtained by combining in quadrature the diﬀerent error sources, i.e. σ2Q,theo =
∑
I C2Q,I . However,
in order to determine the χ2, we need to know the individual contributions CQ,I which are reported in Tab. 3
and in Fig. 2 of [13].
Following [16], we deﬁne
χ2 = min
{ξI }
⎡⎢⎢⎢⎢⎢⎢⎣
∑
Q
(
δQobs −∑I ξI CQ,I
UQ
)2
+
∑
I
ξ2I
⎤⎥⎥⎥⎥⎥⎥⎦ . (3)
This deﬁnition describes the eﬀects of systematic correlated errors CQ,I by introducing the shifts −ξI CQ,I ,
where ξI is a uni variate gaussian random variable. Expressing χ2 in this way is completely equivalent
to the standard covariance matrix approach (for a formal proof refer to [16]). However, it oﬀers some
relevant advantages: 1) it is more easily implemented numerically and; 2) it allows to trace the individual
contributions to the χ2. Denoting with ξ˜I the values that minimize the χ2, one obtains
χ2 ≡ χ2obs + χ2syst =
∑
Q
X˜2Q +
∑
I
ξ˜2I (4)
where
X˜Q ≡ δQobs −
∑
I ξ˜I CQ,I
UQ
(5)
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are the so-called “pulls” of observational quantities. The values ξ˜I are instead referred to as the “pulls” of
systematic error sources that, in our analysis, coincide with the input parameters in solar model calculation.
The distribution of the ξ˜I can thus be used to highlight tensions in SSM assumptions. The optimal composi-
tion of Sun is found by minimizing the χ2 and the obtained value χ2min provides information on the goodness
of the ﬁt. The allowed regions are determined by cutting at prescribed values of the variable Δχ2 ≡ χ2−χ2min.
4. The role of metals
Our goal is to determine the chemical composition of the Sun from helioseismic and solar neutrino data.
In order to do this, we have to compare observational data with the predictions obtained from SSM with
diﬀerent surface composition. We indicate with
{
zj
}
the heavy element admixtures, where:
zj ≡ Zj,S/XS (6)
In the above equation, Zj,S is the surface abundance of the j−element, XS is that of hydrogen. The index j
runs over all metals which are relevant for solar model construction that are C, N, O, Ne, Mg, Si, S and Fe.
In [13], it is observed that the fractional variation δQ of a generic observable quantity produced by a change
of composition
{
δz j
}
can be well described by using a linear relation
δQ =
∑
j
BQ,j δzj, (7)
where δzj is the fractional variation of zj
δzj ≡ zjzj − 1 (8)
with respect to the AGSS09met value zj. In this assumption, the χ2 is expressed as a quadratic function of
the various δz j that can be eﬀectively minimized. We obtain
χ2 = min
{ξI }
⎡⎢⎢⎢⎢⎢⎢⎢⎣
∑
Q
⎛⎜⎜⎜⎜⎜⎝δQ −
∑
j δz j BQ, j −∑I ξI CQ,I
UQ
⎞⎟⎟⎟⎟⎟⎠
2
+
∑
I
ξ2I
⎤⎥⎥⎥⎥⎥⎥⎥⎦ . (9)
where
δQ =
Qobs
Q
− 1 (10)
is the fractional diﬀerence between the observational value Qobs and the value Q predicted by the AGSS09met
solar model. Even with this simpliﬁcation, however, it is not possible (nor useful) to consider all the δz j as
free parameters. For this reason, we group metals according to the method by which their abundances are de-
termined. Following [17], we consider three diﬀerent groups given by (C + N + O), Ne, (Mg + Si + S + Fe)
which include elements whose abundances are determined in the photosphere, in the chromosphere and
corona, and in the meteorites, respectively, and we force elements in each group to vary by the same mul-
tiplicative factors indicated with δzCNO, δzNe and δzmet, respectively. The coeﬃcients BQ,CNO, BQ,Ne and
BQ,met that describe the sensitivity of the observable quantity Q to each group of element are given in Tab. 4
and Fig. 4 of [13].
5. Inferring the solar composition
5.1. Volatiles and refractories: a two-parameter analysis
As a ﬁrst application, we consider a scenario in which the neon-to-oxygen ratio is ﬁxed to the value
prescribed by the AGSS09met compilation, i.e. we further constrain the possible variations of the heavy
element admixture by assuming δzCNO = δzNe. In this hypothesis, the χ2 is deﬁned in terms of two in-
dependent parameters (δzCNO , δzmet) that are varied to ﬁt helioseismic and solar neutrino constraints. Our
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Fig. 2. The bounds on εO and εFe that are obtained from observational constraints in the two-parameter analysis. See text for details.
results are presented in Fig. 2 where we use the astronomical scale for logarithmic abundances ε j in order
to facilitate the comparison with observational data. The conversion from δz j to ε j is obtained by using the
relation
ε j = ε j + log
(
1 + δz j
)
(11)
where ε j represent the AGSS09met abundances.
The coloured lines are obtained by cutting at Δχ2 ≡ χ2−χ2min = 2.3, 6.2, 11.8 that correspond to 1, 2, 3σ
conﬁdence levels for a χ2 variable with 2 d.o.f.. The data points show the observational values and errors for
the oxygen and iron abundances in the AGSS09met and GS98 compilations. We also include for reference
the solar oxygen and iron abundances determined by [3] shown by the blue points labelled ”CO5BOLD”.
Unfortunately, the solar photospheric Si abundance has not been determined in [3] , so a direct comparison
of their iron abundance with AGSS09met or GS98 cannot be made because it is not possible to construct a
meteoritic solar abundance scale.
In order to show how diﬀerent observational information combine in determining the optimal composi-
tion, we present separately the bounds obtained by using: the helioseismic constraints on the surface helium
abundance and the convective radius (upper-left panel); the 7Be and 8B neutrino ﬂux determinations (upper-
right panel); the 30 sound speed data points ci,obs from [11] that are localized at r ≤ 0.8R (lower-left
panel); all the observational data simultaneously (lower-right panel). The main conclusions of our analysis
are discussed in the following
1) The SSM implementing AGSS09met composition is excluded at a high conﬁdence being χ2/d.o.f. =
176.7/32 when all the available observational constraints are considered. This result essentially arises
from helioseismic observables that are in severe disagreement with AGSS09met predictions. The 7Be
and 8B solar neutrino ﬂux determinations do not discriminate among diﬀerent compositions with the
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Opa Age Lum Diﬀu S 11 S 33 S 34 S e7 S 17 S 1,14
ξ˜I 1.07 0.03 -0.41 -0.74 ∼ 0 0.46 -0.97 0.32 -1.20 ∼ 0
ξ˜IδI 1.07 (κOPAL/κOP − 1) ∼ 0 -0.0016 -0.11 ∼ 0 0.024 -0.05 0.007 -0.09 ∼ 0
Table 1. The pulls of systematics ξ˜I at the best ﬁt point and the fractional variations ξ˜IδI of the corresponding input parameters. All
the available observational information are simultaneously ﬁtted. The entries with ∼ 0 are smaller (in magnitude) than 10−2 in the ﬁrst
line and 10−3 in the second line.
suﬃcient level of accuracy. This is mainly due to theoretical uncertainties which are dominated by
the contributions from S 34 and S 17, respectively.
2) There is a reasonable agreement between the information provided by the various observational con-
straints, as it can be seen by comparing the diﬀerent panels of Figure 2. The best ﬁt to the observational
data is obtained for:
δzCNO = δzNe = 0.45 ± 0.04
δzmet = 0.19 ± 0.03 (12)
that correspond to εO = 8.85 ± 0.01 and εFe = 7.52 ± 0.01. The quality of the ﬁt is quite good being
the χ2min/d.o.f. = 39.6/32 when all the observational constraints are considered. The errors on the
inferred abundances εO and εFe are smaller than what is obtained by observational determinations.
One caveat is, however, that we are considering a simpliﬁed scenario in which diﬀerent elemental
abundances are grouped together and forced to vary by the same multiplicative factors.
3) The observational and systematic contribution to χ2min are given by χ
2
obs = 35.1 and χ
2
syst = 4.5 respec-
tively, with the distribution of systematic pulls ξ˜I at the best ﬁt point reported in Tab. 1. The eﬀects
of systematic pulls (that correspond to correlated error sources) are relevant and cannot be neglected
because they account for non negligible shifts in theoretical predictions. The dominant contributions
to systematic shifts are provided by: opacity for the sound speed c(r) (see discussion in the next para-
graph); diﬀusion coeﬃcients which are decreased by ∼ 11% in order to improve consistency between
Ys and Rb and the sound speed proﬁle c(r); the astrophysical factors S 34 and S 17 that are decreased by
∼ 5% and ∼ 9% respectively in order to improve agreement with ΦB and ΦBe measurements.
4) The large systematic shift of the sound speed due to opacities, ξ˜opa = 1.07, indicates that there is
tension between observational data and OP opacity tables which are the standard choice in our SSMs
calculations. In our approach, the fractional diﬀerence between OPAL and OP opacities is used to
deﬁne the solar opacity proﬁle uncertainty. The fact that the best ﬁt is obtained with ξ˜opa ∼ 1 indicates
then that observational data are better described when using OPAL opacity. The statistical signiﬁcance
of this result relies on the correct evaluation of the sound speed error in the outer radiative region of
the Sun and may be weakened (or strengthened) by the possibility of correlations in the inferences
of the solar sound speed at diﬀerent target radii (not considered here due to lack of the necessary
information in the scientiﬁc literature).
5) The CNO neutrino ﬂuxes are expected to be ∼ 50% larger than those predicted by SSMs implement-
ing AGSS09met composition. Indeed, solar models providing a good ﬁt to the observational data
give ΦN  3.4 × 108 cm−2 s−1 and ΦO  2.5 × 108 cm−2 s−1 as a combined eﬀect of the changes in
composition and, to a minor extent, of the systematic shifts in the input parameters. These values are
even larger than predictions obtained by assuming GS98 surface composition. However, this result
depends on the assumed heavy element grouping. The CNO neutrino ﬂuxes, in fact, are essentially
determined by the carbon abundance while the observational data included in our analysis are basi-
cally sensitive to the oxygen content of the Sun, since this element provides a large contribution to the
solar opacity.
5.2. Three-parameter analysis
Neon does not produce the photospheric spectral lines features necessary for the determination of its
surface abundance. Instead, its abundance is determined indirectly by measuring the Ne/O ratio in the solar
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wind, solar chromospheric and corona features, and assuming the same Ne/O ratio is present in the solar
photosphere. It is thus important to discuss how the above results change when the neon-to-oxygen ratio is
allowed to vary. In this assumption, the χ2 is described as a function of three parameters (δzCNO, δzNe, δzmet)
that can be adjusted independently to reproduce helioseismic and solar neutrino constraints. In order to
prevent unphysical results, we add a penalty function to the χ2 given by:
χ2pen =
[
δzNe − δzCNO
Δ (1 + δzCNO)
]2
(13)
where Δ = 0.3, that forces the neon-to-oxygen ratio to the value prescribed by AGSS09met compilation
with a 1σ accuracy equal to 30%, as has been observed by [18]. The bounds obtained by considering all the
available observational constraints are shown in Figure 3. The best ﬁt composition is:
δzCNO = 0.37 ± 0.07
δzNe = 0.80 ± 0.26
δzmet = 0.13 ± 0.05 (14)
that correspond to εO = 8.83 ± 0.02, εNe = 8.19 ± 0.06 and εFe = 7.50 ± 0.02. We note that the errors
in the inferred abundances are larger than before. The neon abundance, in particular, is bounded at the
level of accuracy prescribed by the function (13) indicating that the observational data are not eﬀective in
constraining it. The neon-to-oxygen ratio is increased by about ∼ 30% with respect to the AGSS09met
value. The quality of the ﬁt, however, is not signiﬁcantly improved being χ2min/d.o.f. = 37.8/31 and the
assumption 1 + δzNe = 1 + δzCNO is allowed at 1σ.
The consequence of leaving neon as a free parameter is to introduce degeneracies between the various
δz j, as it is understood from inspection of Figure 3 and, in particular, by comparison of the left panel in
Figure 3 and the lower-left panel of Figure 2. It exists, in fact, a combination of δzCNO, δzNe and δzmet that,
taking also into account the eﬀects of systematic pulls ξI , leaves substantially unchanged the observational
properties of the Sun. This degeneracy can be discussed at a more basic level by considering the eﬀect
produced by the change of composition on the opacity proﬁle of the Sun. The source term δκ(r) that drives
the modiﬁcation of the solar properties and that is probed by observational data can be written as the sum of
two contributions [19] :
δκ(r) = δκI(r) + δκZ(r) (15)
The intrinsic opacity change, δκI(r), represents the fractional variation of the opacity along the SSM proﬁle
and it is given, in our approach, by δκI(r) = ξ˜opa δκopa(r). The composition opacity change δκZ(r) can be
approximately calculated as:
δκZ(r) 
∑
j
∂ ln κ(r)
∂ ln Zj
δzj (16)
by using the logarithmic derivatives ∂ ln κ/∂ ln Zj that are presented in the left panel of Fig. 4. Taking
advantage of rel. (15), we calculate the eﬀective opacity change δκ(r) that corresponds to the models that
provide a good ﬁt to observational data. We see that δκ(r) is well constrained by the available observational
information. Opacity should be increased by ∼ few% at the center of the Sun and by ∼ 25% at the bottom of
the convective envelope, as it was calculated by [19]. The moderate increase at the solar center improves the
agreement with Ys,obs without aﬀecting the solar neutrino ﬂuxes. The increasing trend of δκ(r) is required to
ﬁt the convective radius Rb and sound speed proﬁle δci (see [19]). The wavy behaviour at intermediate radii
improves consistency with inferred sound speed values in the region 0.3 < r/R < 0.6. The general features
of δκ(r) are essentially independent on the assumptions about the opacity uncertainty. In this respect, the
increase of the CNO and/or Ne content is interpreted as providing the “tilt” to δκ(r), and is a solid conclusion
of our analysis.
Figure 4, right panel, also compares the eﬀective variations of opacity δκ(r) obtained in the two and three
parameter analysis. In particular, the black dashed line corresponds to the solar model with the composition
given by equation (14) and the value ξ˜opa = 1.40. The red dotted line represents the eﬀective opacity
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Fig. 3. The bounds on εO, εNe and εFe that are obtained by considering all the available observational constraints. The gray line in the
middle panel corresponds to the condition δzNe = δzCNO, i.e. to the neon-to-oxygen ratio prescribed by AGSS09met compilation.
variation obtained with parameters given by equation (12) and ξ˜opa = 1.07. We see that the two lines coincide
at the 2% level or better. From this, we infer that the reconstructed opacity proﬁle does not depend on the
assumed heavy element grouping. Moreover, we understand that the compositions (12) and (14) cannot be
discriminated by the adopted observational constraints. More generally, they cannot be distinguished by any
conceivable observational test that is dominated by the opacity proﬁle in the radiative region of the Sun: the
2% diﬀerence is indeed smaller than the accuracy to which the opacity of the solar plasma is known. In
summary, the neon-to-oxygen ratio cannot be eﬀectively constrained with current data.
6. Conclusions
In this work, we have investigated the properties of the Sun by using a statistical approach, normally
adopted in other area of physics, in which the information provided by solar neutrino and helioseismic data
can be combined in a quantitative and eﬀective way. Namely, we have inferred the chemical composition of
the Sun by using the helioseismic determinations of the surface helium abundance and of the depth of the
convective envelope; the measurements of 7Be and 8B neutrino ﬂuxes; the solar sound speed proﬁle inferred
from helioseismic frequencies.
A consistent picture emerges from the combination of the diﬀerent pieces of observational information
which can be summarized as discussed in the following.
i) The surface composition prescribed by AGSS09met is excluded at a high conﬁdence level, being the
χ2/d.o.f. = 176.7/32 when all observational constraints are considered, unless the SSM’s chemical
evolution paradigm is not correct and/or the opacity calculations are wrong;
ii) A satisfactory ﬁt to the available observational data (χ2/d.o.f. = 39.6/32) is obtained in the context of
a two parameter analysis in which volatile (i.e. C, N, O and Ne) and refractory elements (i.e. Mg, Si,
S and Fe) are grouped together and forced to vary by the same multiplicative factors. The abundance
of volatile elements should be increased by (45 ± 4)% while that of refractory elements should be
increased by (19 ± 3)% with respect to AGSS09met values;
iii) If the neon-to-oxygen ratio is allowed to vary within the currently allowed range (i.e. ±30% at 1σ),
the best ﬁt composition is obtained by increasing by (37 ± 7)% the CNO elements; by (80 ± 26)%
the neon; by (13 ± 5)% the refractory elements. The quality of the ﬁt is, however, not signiﬁcantly
improved with respect to the two parameter analysis, being χ2/d.o.f. = 37.8/31.
By taking advantage of the adopted statistical approach, we were able to obtain few additional conclu-
sions concerning the properties of the Sun which are discussed in the following.
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Fig. 4. Left panel: The logarithmic derivatives of opacity with respect to individual metal abundances calculated along the SSM
proﬁle. Right panel: The eﬀective opacity change δκ(r) of solar models that provide a good ﬁt to observational constraints when
(δzCNO, δzNe, δzmet) are allowed to vary. The black dashed line correspond to the best ﬁt model. The red dashed line correspond to
the best ﬁt model obtained with the additional assumption that δZNe = δzCNO, i.e. that the neon-to-oxygen ratio is equal to the value
prescribed by AGSS09met compilation.
iv) Under the two and three parameter analyses, the CNO neutrino ﬂuxes are expected to be substantially
larger than those predicted by SSM implementing the AGSS09met surface composition, although the
exact value cannot be predicted in a model independent way since it depends on the assumed heavy
elements grouping. In particular, this stems from assuming a the same fractional variation between C,
N and O, a constraint that should be lifted when CNO neutrino ﬂuxes are ﬁnally determined experi-
mentally;
v) The sound speed in the region 0.3 < r/R < 0.6 is better ﬁtted by using the old OPAL opacity tables
rather than the more recent OP opacity table. Indeed, if we restrict our analysis to OP opacities, the
quality of the ﬁt is considerably decreased giving χ2/d.o.f. = 66.9/32;
vi) The observational data prefer values for the input parameters of the standard solar models that are
slightly diﬀerent from those presently adopted. Namely, the best ﬁt is obtained by decreasing the
diﬀusion coeﬃcients by ∼ 10% and the astrophysical factors S 34 and S 17 by ∼ 5% and ∼ 9% respec-
tively, when all observational constraints are considered.
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